In this paper we suggest a novel relation between rotation and magnetic field in a charged fluid system: there is naturally a magnetic field along the direction of fluid vorticity due to the currents associated with the swirling charges. This general connection is demonstrated using a fluid vortex. Applying the idea to heavy ion collisions we propose a new mechanism for generating in-medium magnetic field with a relatively long lifetime. We estimate the magnitude of this new magnetic field in the Au-Au colliding systems across a wide span of collisional beam energy. Such a magnetic field is found to rapidly increase toward lower beam energy and could account for a significant amount of the experimentally observed global polarization difference between hyperons and anti-hyperons.
Introduction
There have been increasing interests in the properties of many-body systems in the existence of strong magnetic field or rotation. These interests come across a wide range of fields of physics, including condensed matter physics, cold atomic gases, astrophysics and nuclear physics, see e.g. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] . These extreme fields can induce nontrivial anomalous chiral transport effects such as the Chiral Magnetic Effect (CME) [22, 23, 20, 21] and Chiral Vortical Effect (CVE) [24, 25, 26] . They can also change the phase structures in various different physical systems [27, 28, 29, 30] .
In heavy ion collisions, it is widely accepted that a new state of matter with extremely high temperature known as a quark-gluon plasma (QGP) is created. Also, there exists the strongest magnetic fields as well as the largest fluid vorticity [16, 17, 18] . There have been consistent search for effects from these fields, with appealing but not definitive evidences.
The magnetic field in these collisions plays a central role for the CME signal in QGP. While the initial vacuum magnetic field from spectators reaches a few times pion-mass-square, its lifetime is too short compared to the formation of QGP [31, 32, 33, 34, 35, 36] .
The fluid vorticity originates from the large angular momentum carried by the colliding system and has been quantitatively simulated with various tools [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49] . The observable effects of such vorticity include global spin polarization of produced hadrons [50, 51, 52, 53, 54] . Recently the STAR Collaboration at RHIC measured this effect for the Lambda and anti Λ hyperons [55] , showing an average fluid vorticity of about 10 21 s −1 . There is also a non-zero difference between the polarization of hyperons and anti-hyperons. Attempts were made to explain this puzzle but so far inconclusive [47, 56, 57] . One explanation is that a sufficiently long-lived magnetic field could cause such a splitting but it is unclear how this kind of field exists.
In this paper, we suggest a novel relation between rotation and magnetic field in a charged fluid system that may provide resolutions to both puzzles discussed above. The basic idea is that a magnetic field naturally arises due to the currents associated with the swirling charges. We will demonstrate this general connection and then apply it to heavy ion collisions as a new mechanism for generating long-lived in-medium magnetic field.
Magnetic Field of A Charged Fluid Vortex
We consider a fluid system that has nonzero vorticity and nonzero charge density. Let us consider a general fluid vortex structure, described by a velocity profile
The fluid vortex is constant alongẑ direction with a finite transverse size R 0 , with the velocity field vanishing for ρ > R 0 . It also vanishes at the center, i.e. v → 0 at ρ → 0. The profile function F(x) is normalized via 
Then the average magnetic field in the vortex is
In the last step integration by part is used. By comparing Eq. (2) and (3), we obtain the key result that connects the magnetic field with the vorticity:
where A = πR 2 0 is the transverse area of the fluid vortex. This relation suggests that there always exists a magnetic field in a charged fluid vortex, whose average value is linearly proportional to the charge density as well as the average fluid vorticity. This simple relation suggests a possible new mechanism for generating magnetic field in heavy ion collisions.
Magnetic Field in Heavy Ion Collisions
In heavy ion collisions, there are vorticity structures and a nonzero net charge density in the created QGP. Given the connection between magnetic field and the vorticity in a charged fluid in Eq.(4), we propose this as a new mechanism for the generation of long-lived magnetic field. In the following we will estimate the magnitude of this new magnetic field and examine the implication for relevant experimental observables. One can extract average vorticity ω y (along the out-of-plane direction) and charge density for a wide range of beam energyn from AMPT simulations [58, 59, 60, 43, 44, 48] . We take (20 − 50)% centrality of AuAu collisions at RHIC in the (10 ∼ 200)GeV energy region as our example, which corresponds to the global hyperon polarization measurements by STAR [55] . The average vorticity and charge density both decrease in time as the fireball expands. We show in Fig. 1 such average vorticity (left) and charge density values as a function of beam energy √ s for an early time moment τ = 0.5fm (solid curve) and a late time moment τ = 5fm (dashed curve), with the shaded band giving a rough idea of the expected range. One can see clearly that towards lower beam energy, the vorticity and charge density increases quickly.
We still need the area perpendicular to the fluid vortex axis, A. In our case, that would be the projection of fireball on the reaction plane. In reality, this should be increasing with time. But for simplicity we use A ∼ πR 2 0 with R 0 ∼ 4fm as an order-of-magnitude average estimate. Putting all these together into Eq.(4), we now have an estimate for the magnetic field eB from the charged fluid vortex, as shown in Fig. 1 (right) . The solid/dashed curves correspond to the upper/lower estimates for ω y and n Q , with the shaded band giving a rough expected range. As one can see, a magnetic field with the order of magnitude ∼ 0.01m 2 π could be generated. This magnetic field increases strongly toward lower beam energy. When compared with the initial magnetic field from spectators, its peak value is smaller, but its lifetime is much longer and may make considerable contributions to interesting effects induced by magnetic field.
One of the interesting effects of such a magnetic field, is its possible contribution to the splitting of polarization of hyperons and anti-hyperons due to their opposite magnetic moments [62] . With the presence of a magnetic field at freeze-out, one expects:
where
with M N = 938MeV [62] and T f o = 155MeV. The induced polarization difference ∆P as a function of beam energy is shown in Fig. 2 , in comparison with STAR data. Again the solid/dashed curves correspond to the upper/lower estimates for eB, with the shaded band between them giving the expected range. Although current experimental error bars are still large, our proposed new mechanism can induce a considerable difference in the hyperon/anti-hyperon polarizations that is of the same order of magnitude with the experimental measurements. This mechanism also has a dependence of collisional beam energy that is consistent with the data. We hope the new results from RHIC beam energy scan can give a more precise test to our mechanism. 
Summary
We have suggested a novel link between rotation and magnetic field in a charged fluid system. This general connection is demonstrated for the case of a fluid vortex and get a general relation between magnetic field and vorticity. We further applied this idea to heavy ion collisions as a new mechanism for generating long-lived in-medium magnetic field. Estimates have been made for the magnitude of this new magnetic field in the colliding systems across a wide range of beam energy. This magnetic field is found to increase rapidly towards lower beam energy. It could provide a possible explanation for the experimentally observed polarization difference between hyperons and anti-hyperons.
We conclude with an outlook into further exploration of this idea. We hope to have a more quantitative computation of this mechanism using some of state-of-art models for studying magnetic field and vorticity driven effects [63, 64, 65, 66] .
